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Space radiobiology is an interdisciplinary science that examines the biological
effects of ionizing radiation on humans involved in aerospace missions. The
knowledge of the risk assessment of the health hazard related to human space
exploration is crucial to reducing damages induced to astronauts from Galactic
Cosmic Rays (GCRs) and sun-generated radiation. GCRs have been identified
as one of the primary sources of radiation exposure in space.

In this context, an accurate characterization of the possible risk of
carcinogenesis induced by exposure to GCRs particles is mandatory for safe
human space exploration, and one of the most crucial open problems is the
contribution to carcinogenesis due to the effects on the cells directly and not
directly irradiated, indicated as Target Effects (TEs) and Non-Target Effects
(NTEs), respectively. It is accepted that the detrimental effects of ionizing
radiation are not restricted only to the irradiated cells but also to nonirradiated
distant cells manifesting various biological effects. Tumour Prevalence (TP) is
often used to investigate the effects of NTEs in predictions of chronic GCR
exposure risk.

This paper reports the status of the research on this topic at the INFN
Roma Sapienza Alpha Magnetic Spectrometer (AMS) research group, where is
in progress an extensive study about the risk evaluation of the NTEs that the
GCRs radiation will imply when added to the TE. A theoretical framework is
presented for TP-induced NTEs modeling, ready to be used with the data
collected from the AMSO02 detector.

Finally, a possible example of the use of the tool is shown for an accurate
estimate of the tumor prevalence function of the exposure period for different
typical space protons energies.

Keywords: Human Space exploration, Space Radiation, Space Radiobiology,
Radiation Dose-Effects Model, Cancer Risk, Radiation Bystander Effects,
Astroparticle Experiments.
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graphics summary of the paper

Hazard Function for Hazard Function for
Gamma ray (H,) Charged Particle (Hcp)

Tumor Prevalence for Targeted and

Non-targeted Effects (TP x& TPy 1) Cells Survival (IérSOIE)ablhtY models
Using Alpen et. al. 1993 paper

Tumor Prevalence in terms of protons flux and
exposition time has been calculated using H functions
and plotted for protons for data taken from AMS-02
for different bin energy ranges from 492.4+7 MeV to
1.46+0.335 TeV (from 0.24 KeV/pm2 to 0.04
KeV/um2 LET values)

TP vs Exposition Time
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Materials & Methods: Hazard Function for Tumor Prevalence (TP)

Prevalence is the number of people/cell with a
specific disease or condition in a given population
at a specific time. This measure includes both
newly diagnosed and pre-existing cases of the
disease.

Tumor prevalence (TP) is described by a Hazard
function, H, which is dependent on radiation type
for y-rays while for charged particles is dependent
on the charge number (Z), kinetic energy (E) and
fluence (F).

26th Workshop on radiation Monitoring on International Space Station , Rome - [taly

TP =1— e HZEF)

H, = Hy+ |a,D + B,D?| » S(D)

Hcp(Z,E,F) = Hy + | ZF + BD?] « S(D)

Where:

» H, represents the background prevalence

» a,and g, are the linear and quadratic coefficient with
dose Induction terms

» X iIs pseudo-biological action cross section taking in
account the particle track structure models

» S(D) is the Cell Survival Probability.
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Results: R-script Library includes the most used
Cells Survival Probability models

To be used in the calculation of hazard functions of
Tumor Prevalence.
1. Theory n-target N-hit model (nTNH)
Two special cases of nTNH including: . S(D) = e~*P-BD*
» Theory single Target single hit model (sTSH)
» Theory single Target N-hit model (STNH)
2. Theory Linear Quadratic Model (LQ)
3. Linear Quadratic Model modified by hyper-
radiosensitivity(HRS) effect. . S(D) = e~aD-BD*-yD?
4. Theory Linear Quadratic Cubic Model (LQC) for
high dose. _ _aD aD(1—e(=41))
5. Sublesion Theory Repair — misRepair Model (S- - S(D) = e+ (T
RMR) i
6. Sublesion Theory Lethal — potentially lethal Model KZRCISEAEIZF RN B2l b
(S-LPL)
7. Sublesion Theory Saturable Repair Model (S-SR)

1 S(D)=1-(1-B)", B = eP

. S(D) = exp{—a <1 + (% — 1)

)]%¢

nop—Cop
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Hazard Function

Targe Effect (TE) vs Non-Target Effects (NTE)

The hazard function in the TE and TE +
NTE case for charged particles:

The n function represents the NTE
contribution, which is parameterized as
a function of the particle Linear Energy
Transfer (L).

We tuned the radiobiological
parameters to reproduce available
experimental data

26th Workshop on radiation Monitoring on International Space Station , Rome - Italy

Hrg(Z,E,F) = H, + | XF + BD?*| * S

Hyrg(Z,E,F) = Hy+ | ZF + BD* + 5| * §

n =nole ML[1 — e™NBys]

Where:
L is the Linear Energy Transfer of the particle
Npg, s is the number of bystander
Ngys = Fluence * Agy;

Apys IS an area corresi)onding to the number of bystander
celi}(s_ surrounding a cell traversed directly from a HZE
particle that recelve an oncogenic signal.
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Experimental Data Set (Alpen et. al. 1993)

Table 111
Prevalence of Harderian Gland Tumors after Irradiation with
Gammas 55.5TBg Co60 Proton ions
Hydrogen with energy 250A, LET 0.4 KeV/um
Exposition time between 60 sec. to 120 sec. Number — Atrisk  With Prevalence*

tumors

Irradiation field is 3 x 5 cm?.

Background Prevalence is H, = 0.026 26125

9.3+6.1

195+12.1
30.2+13.7
29.2118.2

Table 11

Prevalence of Harderian Gland Tumors

After 60Co Gamma lrradiation 2495 CI

Number Atrisk  With Prevalence?
tumors (%) Harderian gland Tear components:
Intraorbital lacrimal gland = - Lipid layer
26125 Exorbital lacrimal gland - = :
48+27 Posterior facial vein .
93+45 Facial nerve e, 5 Aqueous layer
13.7+6.2 Deep masseter muscle .
I Superficial masseter muscle (=t (=t —’
|

Mucous layer

32.2+85 Anterior facial vein

Lacrimal gland — Corneal epithelium

Facial vein

46.2113.6
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Results: TE vs TE+NTE Models for protons

In the figures, all the components of the H
functions are shown separately for the TE and
TE+NTE models respectively.

Calculation of the TE and NTE TP models
showing for Proton 250A MeV there are no
relevant differences in the tumor Prevalence
versus dose as expected (NTE models predict
the same tumor prevalence at low doses
compared to the TE model).

The shape of the tumor response curve
found In the NTE model i1s a shallow
non-linear dose-response curve.

26th Workshop on radiation Monitoring on International Space Station , Rome - [taly
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An Example: AMS-02 protons

Tumor Prevalence in terms of protons
flux and exposition time has been
calculated using H functions and plot for
protons for data taken from AMS-02 for
different bin energy ranges from 492.4+7
MeV to 1.46+0.335 TeV (from 0.24
KeV/um? to 0.04 KeV/um? LET values)

Journal of Mechanics in Medicine and Biology

TP vs Exposition Time
1464062 + 334531 Mev bin
s 17835 + 416 Mev bin
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“SPACE RADIATION INDUCED BYSTANDER EFFECT IN ESTIMATING THE
CARCINOGENIC RISK DUE TO GALACTIC COSMIC RAYS” A. Guracho et al (published in May 2023)
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Summary

We developed an-ad hoc software in R-script language for Tumor Prevalence risk
calculation including the more reliable dose-effect models for space radiation.

An r-script library with different Cell Survival Probability models was developed to
be used in the calculation of hazard functions of Tumor Prevalence.

Using the software and the experimental data set of the Harderian Gland Tumor, we
tune all the parameters for the Tumor Prevalence Model for protons and show no
substantial differences between the Target and Non-Target Effects as expected.

We apply the model for protons using the cosmic ray protons component as measured
and published by the AMS detector as an example.

In the future, we extend the analysis to heavy ions, and we will use the data collected
from the AMS02 detector to increase the modelling accuracy and risk prediction.

26th Workshop on radiation Monitoring on International Space Station , Rome - Italy 5-7 September 2023 12
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Alpha Magnetic Spectrometer AMS02

AMS is a particle detector measuring Galactic Cosmic Ray fluxes.
It was installed on the International Space Station (ISS) on May 19, 2011
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The AMS collaboration

An international collaboration made of 44 Institutes

from America, Asia and Europe

26th Workshop on radiation Monitoring on International Space Station , Rome - Italy

It uses the unique environment of space
to study the universe and its origin by
searching for antimatter, dark matter

while performing precision
measurements of cosmic rays’
composition and flux.

AMS has collected

158,970,269,903

cosmic ray events
Last update: June 2, 2020, 8:47 AM.

pEa
Rg v Y" , ‘

~W’MS Payload Operation Control (;ente?at
CERN operates 365 days year h24 -~

EA™S

The AMS02 detector has collected so far more
than 250 billion Cosmic Rays events.

More Info in the AMS-02 webpage:
https://ams02.space
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https://ams02.space/

AMS is a space version of a precision detector used at

accelerators
particle anti-particle
Matter Antimatter
e | P Fe et 3 He
TOF V " :

~

Tracker
+ Magnet / \

| 7 ==
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RICH %% ¢y Y |y
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. Cosmic-ray Dark Matter Primordial
N properties searches antimatter
searches
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AMS — Measurements
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Ref. Rigidity Range (GV), ] .
m- t;?rllsly 2 b Measurement Type Numberovaents

Electron (e*, )
Electron (e*+ e’)
Electron (e* + )
Proton (p* + p)
Proton (p* + p)
Helium (He)
Helium (He)
Lithium (Li)
Beryllium (Be)
Boron (B)

Boron (B)
Carbon (C)
Carbon (C)
Nitrogen (N)
Oxygen(O)
Oxygen(O)
Oxygen(O)
Fluorine (F)
Fluorine (F)
Neon (Ne)

Neon (Ne)
Sodium (Na)
Magnesium (Mg)
Magnesium (Mg)
Silicon (Si)
Silicon (Si)
Sulfur (S)

[46]
[47]
[48]
[51]
[58]
[55]
[52]
[57]
[57]
[57]
[64]
[58]
[64]
[59]
[58]
[64]
[64]
[62]
[64]
[60]
[64]
[61]
[60]
[64]
[60]
[64]
[64]
[63]

1.0 - 350 [19]
0.5 — 1000 [74]
0.5 — 1400 [75]
1-1800 [72]
1-450 [57]
1.92 — 3000 [68]
1.92 — 3000 [68]
1.92 - 3300 [67]
1.92 — 3300 [67]
1.92 - 2600 [67]
2.15 - 3300 [66]
1.92 — 3000 [68]
2.15 — 3000 [48]
2.15 — 3300 [66]
2.15 - 3000 [67]
2.15 - 3000 [48]
2.15 — 3300 [66]
2.15 — 2900 [48]
2.15 3000 [48]
2.15 — 3000 [66]
2.15 — 3000 [48]
2.15 — 3000 [48]
2.15 - 3000 [66]
2.15 3000 [48]
2.15 — 3000 [66]
2.15 — 3000 [48]
2.15 — 3000 [48]
2.65 — 3000 [46]

Absolute Flux
Absolute Flux
Absolute Flux
Absolute Flux
Absolute Flux
Absolute Flux
Absolute Flux
Absolute Flux
Absolute Flux
Absolute Flux
Absolute Flux
Absolute Flux
Absolute Flux
Absolute Flux
Absolute Flux
Absolute Flux
Absolute Flux
Absolute Flux
Absolute Flux
Absolute Flux
Absolute Flux
Absolute Flux
Absolute Flux
Absolute Flux
Absolute Flux
Absolute Flux
Ahsolute Flux
Absaiute Flux

2011/2012
2011/2013
2011/2017
2011/2013
2011/2015
2011/2013
2011/2016
2011/2016
2011/2016
2011/2016
2011/2021
2011/2016
2011/2021
2011/2016
2011/2016
2011/2021
2011/2021
2011/2019
2011/2021
2011/2018
2011/2021
2011/2019
2011/2018
2011/2021
2011/2018
2011/2021
2011/2021
2011/2019

Over 6.8x10°
10.1x106
28.1x10°
3.8x108
2.8 x10°
50x10°
90x10°
1.9x106
0.9x10°
2.6x10°
1.8 x 1011*
8.4x10°6
1.8 x 1011*
2.2x10°
7.0x10°
1.8 x 1011*
1.8 x 1011*
0.29x10°
1.8 x 1011*
1.8x10°
1.8 x 1011*
0.46x10°
2.2x10°
1.8 x 1011*
1.6x106
1.8 x 1011*
0.38x10°
0.62x10°




Properties of Cosmic-Ray Sulfur and Determination of the Composition of Primary
Cosmic-Ray Carbon, Neon, Magnesium, and Sulfur:

Ten-Year Results from the Alpha Magnetic Spectrometer
(PHYSICAL REVIEW LETTERS 130, 211002 (2023))

FIG. 1. (a) The AMS S flux multiplied by R%7 with total errors
as a function of ngidity together with the AMS Ne, Mg, and
51 fluxes. As seen, ngidity dependences of S, Ne, and Mg fluxes
are very similar, and are different from 31 flux at low ngidines.
The ngidity dependences of all four fluxes are identical at high
rigidities. (b) The AMS C and O fluxes multiplied by R*" with
total errors as functions of ngidity. As seen, ngidity dependences
of C and O fluxes are identical at high ngidities, but also different
at low ngidities. For clanty, the Ne, 51, and O data points above
50 GV are displaced hornzontally, and, for display purposes only,
Ne, Mg, 51, and O fluxes were rescaled as indicated.

Rigidity R [GV]

345 10% 2x10% 10° 2x10°
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Particle

Electron (e+ + e-)

Electron (e* + )

Proton (p* + p’)

Helium (He)
Helium (He)

5-7 September 2023

Ref.

Rigidity Range
(GV), [bins]
1-41.9[10] Time Variation (4015-d)
0.5-49.33 [52] Time Variation (79-b)
1-100 [30] Time Variation (114-b)
1.92 — 60 [40] Time Variation (79-b)
1.71-100 [26] Time Variation (2824-d)

Measurement Type

26th Workshop on radiation Monitoring on International Space
Station , Rome - Italy

Time Period

2011/2021
2011/2017
2011/2019

2011/2017
2011/2019

Number
Events

2.0x108
23.5x106
5.5 x10°

112x10°%
7.6x108

of

20



Light Nucleil Fluxes as Function of Time
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Preliminary data, please refer to the forthcoming AMS publication
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Fluxes ha§ been normaliz'ed to Lithium

[2.15 — 2.40] GV

[2.67 — 2.97] GV

[4.02 — 4.43] GV

[10.10 — 11.00] GV

[28.80 — 31.10] GV

[56.10 — 60.30] GV
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The AMS SPRB collaboration was created in 2017 by the synergy of the
AMS INFN Roma Sapienza (Italy) group leaded by Alessandro Bartoloni
with the medical physics research group leaded by Lidia Strigari currently

at IRCCS university Hospital of Bologna (Italy)
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IRCCS Azienda Ospedaliero-Universitaria di Bologna
Department of Medical Physics
"~ Bologna, Italy
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IRCCS Azienda Ospedaliero-Universitaria di Bologna
Department of Medical Physics
Bologna, Italy
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« 4 PET/CT
« 4 SPECT/CT

* 1 department (8 beds) for
molecular radiotherapy
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Laser-Plasma-Accelerators—A novel,versatile tool for space radiation studies

Testing radiobiological samples in space missions are electronic component

among the most expensive and timeconsuming processes target

in life space science study

beans olions Protons.
LPAs could substantially decrease the costs and time
consumption of these tests to benefit all the national clectrans, phatons

space agencies and international collaborations involved

mescale m-scale
in space mission design 11 15 e scale

Consequently, their use could reduce the mission's eg. MOSFET

design times and improve overall satety thanks to the
deep comprehension of mechanistic radiobiological

models.

Thus, testing by LPAs could enhance the knowledge ot
the health risk of future space missions beyond the
current progress. Furthermore, using LPA instead of
radicactive radiation sources or poly-energetic
accelerators is also desirable under proliferation and [ _
management aspects. A’
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Collaborations were mainly focused on creating synergy
within different scientific communities

(radiobiology, medical physics, radiotherapy, and nuclear
medicine)

and Institutions playing a crucial role in the human space
exploration

(Research, Universities, and National Space Agencies).

We have many studies on the capabilities and possibilities
in that direction, especially regarding the AMS02 and also
we identify many opportunities for improvement.
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Enabling Research @ AMS Roma Group

Dose-Effects Models
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existent literature to use as
starting point for improvements
this research areas
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Target Effects vs Non Target Effects

Following this analysis, we started to investigate one of the promising and not yet understood effects of
ionization radiation, usually referred to as the non-targeted effect (NTE) of great relevance for space radiation.

In-vitro and in-vivo pre-clinical studies as well as
many mechanistic studies support the NTEs, with
evidence of a a supra-linear effects at low doses of
NTE compared to the linear one of TE

NTEs include bystander effects where cells
traversed by heavy ions transmit oncogenic
signals to nearby cells and genomic instability
in the cell's progeny.

The NTE are expected also at the fluences and
space radiation species that occur in space
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An example on Research activities on DEM in
progress at AMS INFN Roma-Sapienza Group

User Interface

NTE DEMs
i CSP Function
Experimental Data AMS CR Data ivey
Pre-clinical HGT Published Proton LG

(e.g., Target Theory)

Fig.1 The NTE-DEM v1.0 architecture.

26th Workshop on radiation Monitoring on International Space Station , Rome - [taly

The NTE-DEM aims to combine the existing experimental
data (clinical, pre-clinical and in vitro), the cosmic ray
fluences, as measured by the AMS detector and the cell
survival probability function existing in the literature to
produce reliable DEMs.

We use the R-Studio integrated development
environment to code it. The first NTE-DEM release (Fig. 1)
comprises a main program and several libraries for>10K
lines of code.
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Journal of Mechanics in Medicine and Biology
“SPACE RADIATION INDUCED BYSTANDER EFFECT IN ESTIMATING THE

CARCINOGENIC RISK DUE TO GALACTIC COSMIC RAYS” A. Guracho et al (published in May 2023)
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The future evolution of the NTE-DEM software

The future evolution of the NTE-DEM software
architecture will incorporate advancements to
further understand the effects of space radiation
exposure.

By utilizing the AMS-02 detector, we will
continue to measure and analyze various
components of Cosmic Rays (CRs), including
electrons and heavy nuclei.

Our ongoing software development aims to
enhance the NTE-DEM software architecture by
integrating the Radiobiology Mathematical
Models' Library, which specifically addresses the
biological mechanisms of Non-Targeted Effects
(NTE). Additionally, we will leverage Al-based
data analysis techniques for more robust and
insightful results.

Internal Note (May 2023)
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REVT: A fully automated & reusable space vehicle
for in-orbit manufacturing & testing
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©
Background: ESA ScaleUp srace care unuTed

« July 2023: Space Cargo Unlimited passed Step 1 of the ESA
ScaleUp INVEST application and gaining the label “supported by
ScaleUp”, and joining the ScaleUp Marketplace

« On-going: Space Cargo Unlimited is in the position to propose up

ScaleUpI

to 5 deals to ESA and benefit of the monetary support — up to

80% of the contract value —

« Space Cargo Unlimited is developing the first European space-based
capacity to enable substantial in-orbit production at benefits of
terrestrial needs

26th Workshop on radiation Monitoring

5-7 September 2023 on International Space Station , Rome - 40
Italy
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Conclusions

Technological advancements hold the potential to fulfill the vision of human space exploration, with
missions to the Moon and Mars featuring prominently on the agendas of space agencies.

In recent years, notable progress has been achieved in estimating the absorbed dose-effect
relationship, enabling better prediction of health risks associated with space exploration.

However, it is important to acknowledge that the available data for modeling radiobiological effects in
space remains limited. Conducting experiments on Earth can provide valuable insights into both cancer
and non-cancer radiation-induced effects, further enhancing our understanding in this area.

The AMS Roma Sapienza group, as part of the scientific community, is actively engaged in investigating
this critical research topic, with a primary focus on utilizing AMS detector data for the advancement of
safe human space exploration.

Ongoing research is currently evaluating the Non-Target Effects in Carcinogenesis Risk, representing a
significant avenue for further exploration in this field.
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